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Abstract: A simple snowdrift model was developed, incorporated into a distributed winter-time hydrological model, and tested against
snow measurements from a hillside in eastern Washington State. Snow movement can be an important factor in the distribution of sprin
soil moisture and runoff. Although current hydrological models often attempt to account for heterogeneities in precipitation distribution,
they do not account for snowdrift. Snow melts and accumulates during the same times that it is redistributed. Therefore, evaluatior
required a snowmelt/accumulation model to be coupled with the snowdrift model. The snowmelt/accumulation model used the standar
energy balance approach and performed well, i.e., standard errors of snow water equidalemt The snowdrift model’s simulated

snow distribution generally agreed with observed snow distribution across a hill. Most notable were the model’s ability to correctly place
a snowdrift on the lee side of the hill and its ability to predict snow removal from nondrift areas. The effects of snow redistribution and
the model’s ability to reproduce these were obvious when overlaid on model results that ignored snowdrift.
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Introduction Watershed hydrological models commonly represent
wintertime-specific hydrological processes, snowdrift in particu-

At mid- to high latitudes and at high elevations, snowfall is a lar, less mechanistically than other processes such as interflow,

substantial precipitation form. In many systems, snowmelt is an overland flow, and evapotranspiratié¥oung et al. 1989; Zoll-

important contributor to strgamﬂow and groundwater recharge. eg et al. 1995 Usually, distributed models simply accumulate
There have beer_l many stuc_iles and subsequent models develope\éiow when precipitation falls at air temperatures below freezing
that accurately simulate various snow processes: melt, snow den'and model snowmelt using “degree dayfiottelet et al. 1993;
sification, alt_)edo dynamics, et@J.S. Army Corps of Engineers Rango and Martinec 1995or bulk basin snowmeI(U'SACE,
.1960’ Schmidt 1972; Anderson 1976’ BengtssQn 19.80’ FlerCh'l%Q relationshipgKustas et al. 1994; Ambroise et al. 1996; Ca-
inger and Saxton 1989; Grant 1992; Walter 1995, Tuteja and Cun'zorzi and Fontana 1996; Holko and Lepisto 1997; Lindstrom
nane 1997; Marks et al. 1999; Marks et al. 20Qdut drift has ' X

received little attention. It is notable that alth h the impact fet al. 1997; Schreider et al. 1997; Frankenberger et al.)199@
eceive € attention. 1t 1S notable that althoug € 1mpacts of ¢ distributed watershed models that consider mechanistic win-
heterogeneous rainfall distribution and snowmelt on soil moisture

. . : .~ tertime hydrological modeling limit the scope to snowmelt and
and hydrological responses have received much consideration y 9 g P

- - ) . snow accumulatior(Abbott et al. 1986; Wigmosta et al. 1994;
(Ogden an_d_Jullean 19933 Dunne 1998’ Wooc_i ])9.983 Impacts Flerchinger et al. 1996 This investigation develops a simple
of snow drifting have received very little attention in hydrological

modeling. despite the fact that there has been extensive researcﬁnOWdrift model and demonstrates its application to a distributed
9, desp ; o ; ydrological model. Furthermore, this model was developed with
on snow drifting both with respect to its importance in water

resources and drift process mechaniesnd 1981: Steppuhn simplicity” as an objective to avoid overly complex parameter-

} . ization that often plagues mechanistic, distributed hydrological
1981; Steppuhn and McConkey 1988; Pomeroy and Gray)1990 models (Grayson et al. 1992 particularly those that simulate

P - — . snow processeRango and Martinec 19951t should be noted
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miwo@cornetl.eou . o . successfully capture the fundamental processes but, again, are too
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complicated for easy assimilation with distributed hydrological
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Fig. 1. Topographically influenced wind profiles

where u,=the ambient windspeed below the ridden-s);
Au;=the change in windspeed at locatignand Cg=a unitless
correction factor that accounts for wind striking a hill slope non-
perpendicularly. Assuming an idealized, isolated ridge with trian-
gular cross section, the change in windspeed at the crest or peak
Au, can be approximated by 4 tayf) (Stull 1988; ¢4 is the
ground slope.

On a regional or watershed scate50 knt), locations on the
highest ridges or hilltops typically have higher windspeed than
lower elevations. One simple way to capture regional differences
in windspeed is to scale by elevation. For a landscape or water-
shed characterized by a maximum elevation differefigg, and
an average ground sloge,,4, the change in windpeed at relative
elevationZ; due to regional topography is approximated by

exceeds a threshold. The snow will leave the wind stream when
the windspeed is substantially dissipated as occurs in the lee side
of a hill or at the edge of heavy vegetation. Because snow’s pro-
pensity to drift is largely density dependent, this model considers whereZ; is the local relative elevation. The writers currently have
a two-layer snowpack with new snow overlaying old snow. For no good guidelines for how to define a “region” with respect to
this model, only new snow is available to drifting; this is snow Eg. (5) and acknowledge that in some landscapes or over very

Z.
Auregionalz 4 tar(d)avg) ﬁx %)

that has most recently fallen and is still light enough to be rela-
tively easily moved by the wind.

Snow is entrained into the wind stream when the friction ve-
locity U* (m-s™1) is greater than the snow’s threshold shear ve-
locity U} (m-s™!). The friction velocity can be expressed as
(Campbell 197y

ku
zu+zo—d)

In
Zy

wherek=von Karman’s constani0.41); u=windspeedm-s™);
z,=the wind measurement heighimeters; z,=the surface
roughness heigh©.01 m for snow; McConkey 1992andd=the
zero plane displacement heighd m for snow (Barry et al.
1990]. The following expression for the snow’s threshold shear
velocity is based on limited data from Kind98J):

* =0.0195+ 0.021/p s

U*= )

@)

wherep,,=the density of new snowkg-m3), i.e., the most re-

cently accumulated snow. Once snow entrainment occurs, the

snow fluxJg (m®-s~Ym perpendicular to the wind directiprcan

large areas this could be nontrivial.

In addition to regional windspeed differences, local topogra-
phy will also impact the windspeed at specific locations. The local
change in windspeed at any windward location with an elemental
lengthAL; and local ground slopé; in a landscape can be ap-
proximated by

Sin($avg)

Z AL,

(6)

AUjpca=4 tar(d)i)[

The total change in windspeed at any windward location in a
landscape can be estimated as the sum of the regional5EqQ.
and local, Eq(6), windspeed changes.

Flow is turbulent and complicated on the lee side of a hill.
Ideally, the windspeed is near zero just below the crest on the lee
side and changes exponentially to its prehill condition at the bot-
tom of the hill(Fig. 1). The following equation is used to describe
the change in windspeed on the lee side of a hill:

4(Zmax_zi)
A“'eez_ex"( i) )

To adjust the windspeed changes for hill slopes that are not per-

()

be calculated by applying a simple force balance to the particles pendicular to the wind direction, the following correction factor

and utilizing an empirical proportionality constafitind 1981
paU* Us ( U:ch> 2
Js= 0.25+ 1-|— 3
® Opns SU::h) u* ®

wherep ,=the air density~1.29 kg m3); g=the acceleration of
gravity (9.81 ms ?); andU =the terminal fall velocity of snow
particles[0.75 ms™*; Kind (1981)]. Eq. (3) represents the carry-
ing capacity of the wind; drift may be limited by the availability
of new snow. Also, because blowing snow is highly susceptible to
sublimation(Pomerory and Li 2000 when drifting occurs, this

can be used:

CB:COS{BU_BQ) (8)

where B, is the wind direction from north, anfl is the slope
aspect from north.

This model considers=0 immediately on the lee side of a
hill, hedgerow, snow fence, etc., and on the windward side of a
vegetated area. At the scale of distributed hydrological modeling
and for our research sites, it was found that correctly predicting
snow accumulation in conjunction with densely vegetated areas

model assumes that the snow surface loses up to twice the amoun@S relatively simple compared to topographical influences and,

calculated with Eq(3) to account for direct losses to the vapor
phasgTabler 1975%. Specifically, the amount of sublimated water
mass removed from the new snow layer is equaljoor the
balance of the new snow massJif is greater than the remaining
new snow.

Wind speed is influenced by topography, as shown in Fig. 1,
and at any location, it can be expressed as

Ui:(CBAUi+1)Uo (4)

therefore, have not added any associated analysis in this paper.
In addition to windspeed, snow density is critical to snow
drifting. This model uses a snow layer approach with new snow
overlaying old snow. It is assumed that only new snow has a
potential to move. Once the new snow layer’s dengjtyexceeds
150 kg m™3, it is incorporated into the old snow layer. This den-
sity partition value is approximately the point at which metamor-
phic changes within the snowpack become density dependent
(Anderson 1976 At p,.<150 kgm™2, densification is attributed

JOURNAL OF HYDROLOGIC ENGINEERING © ASCE / JULY/AUGUST 2004 / 281

Downloaded 23 Jul 2010 to 134.121.89.170. Redistribution subject to ASCE license or copyright. Visit

http://www.ascelibrary.org



largely to the rounding of newly fallen snow crystals. A

Table 1. Pullman, Wash. Hill Slope Characteristics and Slope
>150 kgm~2, densification is governed by overburden compac- Positions for Modeled Cells

tion. Snow densification and settling depends on the overload and Slope Hillside
snow temperatur€Schroeter and Whitely 1987; Flerchinger and Slope aspect Cells (%) positiorf
Saxton 1989; Barr'y et al. 1990;'MCC9nkey 199Zhe present South 160° from north 1-5 3 Foot
model updates daily snow densipy using a method based on 6-8 7 Foot
relationships used by Flerchinger and Saxtd®89 and McCo-
nkey (1992 9-10 10 Foot
11-14 14 Back
Ps=ps "+ (Pmacps € * ©) 16-19 18 Back
1 20-21 19 Top
nsPns 22-24 9 Summit
=161—expT,— 1. exp{ ) for new snow
k=16 ATns—1.5] 3pmax North 30° from north 25-26 18 Top
(10) 27-28 31 Back
pn=161—expTos— 1.5 ]exp 29-30 24 Back
31-32 13 Foot
dnspE;1+(2/3)dospg_sl 33-35 6 Foot
- , for old snow (11) > : - )
P max 3Position names are included for reference purposes in subsequent figures
and tables.

where p. *=the snow density from the previous dapiay
=a snow density maximum; angd=the snow settling coefficient,
which is a function of snow weight and temperatuig; andd, W) collected over the winter of 1990-1991 by researchers at
are the depth of the new and old snow lay@nsmeters, respec- Washington State University. Snow first accumulated in Decem-
tively, andT,s and T,s=the new and old snow temperatuféeg), ber 1990 and lasted until January 1991. The elevation of the site
respectively. The snow density maximum for new and old snow is is approximately 750 m above mean sea lewesl). The climate
150 kgm™3 and 350 kgm™3, respectively (Schroeter and is subhumid with a cold winter season, and about 60% of the
Whitely 1987. Each snow layer is considered homogenous, and annual average precipitatid®20 mm falls between November
the model calculates each layer's densification at its center ofand April. The mean annual temperature is 8.3°C.
pressure. The model was applied to the surrounding watershed using 10
Settling is enhanced when the snow is wet or when it is ex- mX10 m cells. The hill was represented by a straight transect of
posed to high winds. Densification and settling due to these pro-35 cells as characterized in Table 1. The hill was part of a ridge
cesses can be complicated. We have simplified by assuming thawvith two distinct faces characterized by aspects of 160° from
when the snow’s liquid moisture content is greater than zero or north (south side of hill and 30° from north(north side of hil.
when more than half the new snow is removed by wind, the snow The hill was located in a field that was partially fallow with
settling coefficient is doubled. Similarly, in places where drifting conventionally tilled wheat stubble and partially planted in con-
snow is accumulated, the snow tends to densify; therefore, accu-ventionally tilled winter wheat. Based on a snow storage routing
mulated drift snow is received at twice the new snow’s density to developed by Steppuhn and McConkép88, the snow surface
account for this. storage for all parts of the hill was 0.075 m; no snow drifts until
this storage is filled. Snow depth and density were measured
using a snow tube at 6 to 12 locations per hill positidable 1.
Measurements were made on 12/26 and 12/29, 1990, and 1/1, 1/8,

The snow drift model was incorporated into a more complete /11 112 1/14, and 3/6, 1991. Meteorological information was
distributed Wintertime Hydrological Mode{WHYM) (Walter collected at the Palouse Conservation Field Station 3 km north-
1995, and simulated results were compared with field measure-

ments. Only the snow routines were enabled in WHYM in order
to isolate the snow-related processes. Although many modelers

Methods

) 14

continue to support watershed model performance based solely on g

how well the model reproduces stream hydrographs, hydrologists g

increasingly encourage corroboration of observed and predicted §

intracatchment hydrological processes for assessing the perfor- & | | lH | n

mance of distributed watershed modéfSrayson et al. 1992; & oLl did 11, Ll 1 ," L1

Wigmosta and Burges 1997; Wood 1998 is difficult to quan- o |

titatively test a distributed model's ability to reproduce spatially % ] /\q M[\f/\/\

varying processes over an entire landscd@édgmosta et al. g 0 ‘ w ‘ §_

1994, so the approach adopted in this study was to test the mod- & i\, ‘ i ]

eled snowdrift predictions against measured data from a hillside fa‘lo y . \ N, &

near Pullman in southeastern Washington State. Because it was 5 | t N N ARV N N ~ 1 e

not practical to measure snowdrift in the field without inadvert- @20 {~ii AL 1 i T BT

ently including the effects of snow accumulation and melt, the < ~ . : . ‘ 0
12/20/90 Date 3/10/91

routines for modeling these processes were retained in our hydro-
logical model, and we subsequently evaluated our confidence in_. . . . .
the model to simulate snowmelt and accumulation without drift. Flg..2. Metgorologlcgl con.dltlons .at the Palou;g Cpnservgtlop Field

The snow drift model was tested against data from a relatively Station durmg th? simulation pfenod. Barprem_m_tanon; solid line
isolated hill 10 km northeast of Pullman, Wa$h6.8° N, 117.2° —average dally air temperature; and dashed-wendspeed.
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west of Pullman, WashFig. 2). To assess the snowdrift model, 20
the hill slope snowpack was simulated with and without the ] (a) 1/8/91
snowdrift model. 16 |
Not only was it impractical to measure snowdrift in the ab- B Observed
sence of snowmelt and accumulation, but these other processes | [ Simulated
impact snowdrift behavior. In particular, newly accumulated snow 12 1
is typically less dense than old snow, and therefore more suscep- 1
tible to drift. Also, refreezing of meltwater that previously perco- 8+ Simulated without Drift

lated into the old, underlying snow will increase snow density,
making this snow increasingly resistant to drift. It should also be
noted that topography may influence snowmelt in ways that lead
to snowdrift-like spatial patterns of snowcover. Although snow
accumulation can be complicated, our model simply accumulates
snow when precipitation falls at air temperatures below freezing. 20
The density of the new snow,,s(kgm 2), is a function of tem-
perature as represented @yoodison et al. 1981

Prs=50+3.4T,+15), T,<—15°C;
pns=50, T,=-15°C

whereT,=the average daily air temperatuf®C). For this study,

no correction was made to precipitation gauge readings to account
for possible inaccuracies in snowfall measurements. Snowmelt
was simulated using an energy balance accounting for fluxes of

| () 1/11/91

16 1
(12)

Snow Water Equivalent (cm)

radiation, evaporative heat exchange, sensible heat exchange, pre- ‘
cipitation heat, and ground conduction. Although energy budgets

like this have been developed by many researchers, this model is 0
unique because the required meteorological parameters are maxi- 20

mum and minimum daily temperatures, windspeed, and precipi- 1 (© 1/14/81

tation; all other parameters can be reasonably estimated from
these. The snow routines are fully described by Wdlté05 and
Walter et al.(submitted for publication and the most important
differences between this model and others are the calculations for
solar transmissivity, cloud cover for calculating atmospheric long- :
wave radiation, air-vapor density for calculating evaporative heat g4
exchange, and surface albedo. Solar transmissivity is calculated | -
as a function of the difference between maximum and minimum
daily air temperatures using the Bristow-Campbell equaiis-
tow and Campbell 1984as modified by Ndlovu1994. Cloud
cover is a parameter in determining the atmospheric emissivity 0
(Unsworth and Monteith 1975 Several methods were investi-
gated for approximating this value, including relating cloud cover
to solar transmissivity and simply assuming cloud cover was zero
for less than trace precipitation and 100% for greater precipita- Fig. 3. Simulated(open barsand observedsolid barg snow water
tion. There were negligible differences in snowmelt predictions equivalent across the hill fdia) 1/8/91; (b) 1/8/91; and(c) 1/14/91.
among these methods, so the simplest was adopted. Air-vaporiThe dashed line shows the simulation results without snowdrift. Ver-
density was approximated by assuming that the minimum daily tical lines arexone standard deviation of measurements.
air temperature is equal to the dew-poi@ampbell 197y and
used in the expression presented by Jensen €t290 for satu-
rated vapor density. An albedo function was developed using theare described fully by Walter et aisubmitted for publication
relationships developed by the USACE60 and data presented Because the focus of this paper is the snowdrift model, only the
by O’Neil and Gray(1973 for shallow snowpacks. The reliability =~ essential corroboration of the model with the melt/accumulation
of these approximations in simulating snowmelt is presented by data is presented here.
Walter et al.(submitted for publication Topographic effects on
solar radiation were also simulated.

The snowmelt model alone was tested against measured datResults and Discussion
from four sites across the northern conterminous U.S.: Danville,
Vt. (latitude~44° N) (Anderson and Whipkey 197,7Bloomville,
N.Y. (latitude~41° N), Easton, Minn.(latitude~44° N) (Brooks
1997, and Troy, Ind(latitude~47° N). Full results and a discus-
sion are given by Water et alsubmitted for publication At all

S. Foot
8. Back
S.Top
Summit
N.Top
N.Back
N.Foot

Fig. 3 summarizes the eastern Washington snowdrift results com-
paring the snowdrift model with observed data and no-drift snow
model result§dashed-line in Fig. 3 Table 2 shows the statistical
comparisons for each hill-slope position using all eight sampling
four sites drift was minimal, the topography was lew@though dates. The snowdrift model’s prediction of the overall observed
slight slopes were accounted for where ngtechd the landscape  spatial and temporal trends across the hill slope, i.e., using all data
was open, i.e., unforested. The sites and data collection method$umped together, is very gooRf=0.95), especially compared
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Table 2. Statistical Analysis for Snowdrift Model using Data from Pullman, Wash. Data Are Snow Water Equivi@ents

Slope Observed Simulated Standard Standard
aspect Positich mear? mean error R? RMSE® Relative differencé deviatiorf
South Foot 15 0.6 0.22 0.32 1.4 0.92 0.3
Back 1.7 1.0 0.56 0.77 1.1 0.64 0.3

Top 1.6 0.6 0.10 0.64 1.4 0.89 0.2

Summit 1.3 0.6 0.37 0.40 1.3 0.99 0.3

North Top 10.3 9.7 0.56 0.75 3.3 0.32 3.7
Back 3.7 2.1 0.30 0.94 2.0 0.54 0.4

Foot 2.7 2.2 1.19 0.84 0.8 0.31 0.7

#Hillside positions correspond to those characterized in Table 1.
bBased on eight sampling dates and 6—12 measurements per hillslope position. Examples of standard deviations on specific days are presented in Fig.
°Root Mean Square ErrdRMSE): = (Obs- Sim)%N whereN is the sample size.

dRelative Difference: RMSEIbs.
fStandard deviation among Obs.

to the no-drift model R?=0.33). This was surprising considering Corps of Engineer§1960 model resulted in meltwater statistics
the simplicity with which this model adjusts windspeed and simu- of R?=0.36 and standard err¢8TE)=0.75 cm, which suggests
lates the snow processes involved. Most notably is the observedsubstantially worse performance than our melt model; we con-
and simulated development and persistence of a snowdrift nearcluded that our model performed at least as well as other widely
the hilltop on the north side of the hill. Similar trends are ex- used snowmelt-accumulation models. It was not practical to
pected simply based on differences in solar insolation across theevaluate snow accumulation independently, but Fig) duggests
different hill slopes and aspects, but this modeled variability that the model slightly over-predicted snow accumulation. The
(dashed line in Fig. Bdid not account for the full range of ob- model also tended to slightly under-predict new snow density
served variability(Fig. 3. (data not shown In short, the melt and accumulation components

The snowdrift model corroboration at some hill-slope posi- of the model used in this paper predicted SWE on the orderlof
tions was better than at others, and at some locations the agreeem.

ment was modesfTable 2; at all locations, the absolute errors Discrepancies between measured and observed snowdrift re-
were relatively small. At all locations, the snowdrift model per- sults (Fig. 3; Table 2 were of the same magnitude as the errors
formed better than the no-drift modéFig. 3); for the no-drift (e.g., STE for snowmelt, so it is difficult to evaluate the snow-

model, RMSE=3.2-5.5 cm, relative differencéR.D.)=0.45 drift errors independently. Furthermore, because of the interde-
—4.02, andR?>=0.002—-0.31. Comparing the overall trend??( pendence of the processes involved, it was not possible to accu-
=0.95) to the correlations at specific points along the (fitlble rately isolate specific processes that contributed to errors.
2), highlights the on-going debate among hydrological modelers However, as expected, the snowdrift res(able 2 were some-
about concerns that using integrated data to corroborate distrib-what poorer than the snowmelt resulf@ble 3 because of accu-
uted models often overstates model performance. mulated errors. It appears that the drift model consistently over-
Because some of the error observed in the snowdrift resultspredicted snow removal on the south face of the hill and
(Fig. 3; Table 2 is partially due to errors in snowmelt and snow somewhat over predicted snow deposition at the top of the north
accumulation, we evaluated the melt/accumulation process inde-side of the hill[Fig. 3(b)]. The model received no explicit cali-
pendently. Fig. 4 and Table 3 summarize the results from the bration because it was unclear what parameters could be mean-
snowmelt-accumulation analysis for four sites in the northern ingfully calibrated. For example, model results can be improved
conterminous U.S. There was generally good agreement betweerby adjusting and varying surface snow storage, but a rationale
predicted and observed snow water equival&WE) at all four independent of direct calibration was not apparent. Nevertheless,
sites[Fig. 4(a); Table 3. Figure 4b) shows an example of tem- it is interesting that the model correctly simulated the relative
poral trends in predicted and observed SWE for one site, Dan-distribution of snow across the hill, even on the south side where
ville, Vt., in the absence of snowdrift. The slightly enhanced rate the model corroboration was the worst. For example, the south-
of snowmelt at the end of the March is due to an under prediction back side of the hill consistently had more snow than other loca-
in albedo and, thus, enhanced melt due to solar radiation; solartions on the south side of the hill, and this trend is duplicated in
radiation becomes an increasingly dominant part of the energythe model. The snow settling and densification portion of the
balance throughout March in Vermont. To assess the model’smodel is probably the most suspect because it received no inde-
snowmelt performance in a more precise way, we compared pendent validation. One notable unknown is enhanced densifica-
simulated and observed total meltwater draining from the snow- tion due to wind.
pack[Fig. 4(c)]; note that these data were only available at the Note that the especially large difference between the no-drift
Danville, Vt. site. The predicted snowmelt generally agreed with and drift models over most of the hill slope suggests that subli-
observed melfFig. 4(c)], although the comparison was poorer mation as well as snow removal by wind may be an important
than the other snowmelt-accumulation results in part because ofprocess controlling snow distribution in these areas. This is con-
the extra complications of determining snow water holding capac- sistent with sublimation field studig®omeroery and Li 20001t

ity (Walter et al., submitted for publicatipnFor comparison pur-  is unclear, however, that simply assuming sublimation losses
poses, meltwater was also predicted with the well known U.S. equal drift losses are a sufficient representation of the mechanism.
Army Corps of Engineer$1960 equations using measured me- The north side of the hill was simulated substantially better

teorological datdAnderson and Whipkey 197.7The U.S. Army than the south. This was in part due to deeper snowpacks for
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20 T this paper and have been noted by other resear¢@ereil and
R*=0.95 Gray 1973, Flerchinger and Saxton 198@ light of this and the
Ste.= 1.1 cm 7 . . g . . . .
relative simplicity with which the snowdrift processes were simu-
AQes © lated, this snowdrift model performs well. The STEs for the
8 o snowdrift model(Table 2 were similar to those for the snowmelt
A model (Table 3; if this test represents a worst case scenario for
O the snowdrift model, it might be expected that the errors would be
A A similar for deeper, more persistent snowpacks.
5 O A simple sensitivity test was performed by adjusting the com-
A ponents of the model that rely on the most unsubstantiated as-
) sumptions by+10% of the values used in this analysis and re-
o & All Sites analyzing the results. Specifically tested were the assumptions
0 20 that sublimation is equal to drift losses, snow densification rates
(a) Observed SWE (cm) [Egs. (9)—(11)], the calculated radiation fluxes, and local wind
adjustments[Eqgs. (5)—(7)]. No single parameter adjustment
R?=10.97 changed the model results by more than 10%. As expected, de-
Ste. = 0.7 cm creasing sublimation rates increased SWE on the south side of the
hill by about 5-10% and did not change SWE on the north side of
the hill substantially, which improved the overall results. As with
surface snow storage discussed earlier, sublimation could be cali-
brated to give good results for the south side of the hill. The
model was also run using a single soil layer with average density,
and results were similar to the “no-drift” results shown in Fig. 3.
Thus, the most important parameter appears to be the density of
new snowfall.
Danville, VT The observations from this simple study can be used to apply
0 3/9 ‘ ’ ' 3/29 this model to a very complicated landscape. Because substantial
(b) Date (1973) drifting appears to be isolated to very small regions within the
landscape, a suggested approach is to identify windward edges of
vegetated areas and lee sides of hills, snow fences, etc. and divide

Predicted SWE (cm)
O

SWE (cm)

2~
31 l;te_ =0'07_§ cm the region’s total transported snow among these areas. Evaluating
the performance of various methods for partitioning the snowdrift
_ is the next logical phase of this research.
§ |
3
= Conclusion
B 7 This snowdrift model performed well over a single hillside in
~ eastern Washington, especially relative to a similar model that did
) not account for snowdriftFig. 3). The model performance evalu-
o O Danville, VT ated across the hill and simulation perid@2(& 0.95) was better
0 3 than the performance evaluated at individual points along the hill
© Observed Melt (cm) (Table 2;R?=0.32—-0.94). Standard errors were low, generally

<1 cm, which was similar to errors in modeling snowmelt in the
absence of snowdrift. The snowdrift model captured both snow
removal and snow deposition processes, although it slightly over
predicted snow removal, probably due to over predictions in sub-
limation. The model's successful performance is especially note-
worthy given its simplicity relative to much more complicated
models, most of which do not account for snow drifting.

The next phase of this research is to evaluate simple ways to
distribute snowdrift across a complicated landscape. This work,
like many aspects of distributed hydrological modeling, hinges on
which albedo estimates are more reliable. For very shallow snow-the development of better ways to evaluate distributed processes
packs, as consistently observed on the south slope, the underlyingind parameters. Additional work focusing on snow metamorpho-
ground albedo influences the surface albedo in ways that are dif-Sis under windy conditions could also improve this model's reli-
ficult to predict(O’Neil and Gray 197R This is consistent with ~ ability.
the slightly early, simulated snow disappearance at the back and
foot of the north sidéFig. 3(c)].

It is probable that the results presented here are close to theAcknowledgments
worst-case for this model because the snowpack is shallow and
transient, and winddrift was substantial. The difficulties with The writers wish to thank Brian McConkey and Paul Mutch
modeling shallow snowpacks were briefly mentioned earlier in (Washington State Universityfor their help in collecting field

Fig. 4. Corroboration of the snowmelt model’s simulated results
with observed datda) Predicted versus observed snow water equiva-
lent (SWE) for all four sites, open circlesDanville, Vt., solid circles
=Bloomville, N.Y., open trianglesEaston, Minn., solid triangles
=Troy, Id., solid line=1:1, dashed lineregression{b) Example of
temporal predictedline) and observedopen circels SWE trends at
Danville, Vt.; (c) Predicted and observed meltwater at Danville, Vt.,
solid line=1:1, dashed lineregression.
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Table 3. Statistical Analysis for the Snowmelt Mod@Nalter et al.(submitted for publicationfor Complete Analysis

Observed Simulated Standard Simulate
Location mean mean error R? Standard deviation period (N?)
Bloomville, N.Y. 1/25-3/7/97
SWE (cm) 8.2 8.4 0.8 0.98 5.8 (8)
Easton, Minn. 12/28/94-3/2/95
SWE (cm) 2.9 3.3 0.6 0.94 2.1 (10
Troy, Id. 12/10/99-4/1/00
SWE (cm) 9.0 9.5 1.4 0.89 4.1 (13
Danville, Vi. 3/9-3/31/73
SWE (cm) 14.4 14.4 0.6 0.97 2.0 (16)
Snow depth(cm) 39.4 449 3.6 0.83 5.3
Melt water (cm-day ) 0.79 0.70 0.50 0.72 0.93

Note: SWE=snow water equivalent.
aNumber of measurements.

data. Also, the writers would like to acknowledge and thank Dr.
Erin Brooks(University of Idahg and Dr. Jim Zollweg(SUNY-
Brockpor) for their invaluable and thoughtful input.
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